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CHAPTER  ONE:  INTRODUCTION 


Background  and  Significance 

Little  information  is  available  on  the  skin  effects  of  laser  systems  operating  in  the 
3.8-micron  region.  With  the  exception  of  the  medical  free-electron  laser,  (MFEL)  it  is  an 
untested,  seldom  used  wavelength  (Edwards  et  ah).  At  this  time  there  is  little  scientific 
evidence  to  support  the  current  American  National  Standard  Institute’s,  (ANSI  Z136.  1- 
2000),  maximum  permissible  exposure  (MPE)  value,  for  skin  at  this  wavelength.  The 
current  skin  MPE  value  serves  to  prevent  thermal  injury  (ANSI  Z136.  1-2000).  An  MPE 
is  chosen  below  known  hazardous  exposure  levels  based  on  the  best  available 
information.  However,  due  to  a  lack  of  research  at  this  wavelength,  the  MPE  value  for 
skin  appears  to  have  been  extrapolated  from  studies  involving  corneal  rather  than  dennal 
exposure  (ANSI  Z136.  1-2000).  Generally,  damage  to  the  eye  is  considered  more  serious 
than  damage  to  the  skin  because  skin  damage  can  be  more  easily  repaired  and  the  long¬ 
term  effects  may  not  be  as  dramatic  (Steele).  Even  so,  it  is  imperative  to  leam  more 
about  the  thresholds  for  dermal  injury  at  this  wavelength  in  order  to  facilitate  the 
improvement  of  appropriate  safety  standards. 

Two  models  were  chosen  to  characterize  skin  responses  when  exposed  to  a  3.8- 
micron  laser,  the  in-vitro  model  (engineered  human  skin)  and  in-vivo  (porcine  skin).  This 
baseline  comparison  can  be  used  to  predict  skin  response  in  human  skin. 

Engineered  human  skin  equivalents  are  anatomically  similar  to  human  skin  (Whitton 
and  Everall,  1973).  They  can  be  grown  to  include  both  the  dennal  and  epidennal  layers, 
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including  the  stratum  corneum,  stratum  granulosum,  stratum  spinosum,  and  the  stratum 
basale,  (basal  layer). 

Previous  studies  have  used  porcine  skin  as  a  surrogate  for  human  skin  (Rico  et  ah; 
Eggleston  et  ah).  Most  studies  involving  laser  insult  to  skin  utilize  the  Yorkshire  pig 
flank,  as  opposed  to  other  body  areas,  more  as  a  matter  of  convenience  than  necessarily 
because  of  its  comparability  to  human  skin  (Eggleston  et  al).  Nevertheless,  direct 
comparisons  have  identified  a  high  degree  of  similarity  between  the  skin  of  the  Yorkshire 
porcine  flank  and  that  of  the  human  face  arms  and  neck,  though  the  former  is  not  as  thick 
(Meyer  et  al.;  Montagna  and  Yun). 

A  better  understanding  of  the  laser-tissue  interactions  for  both  the  engineered  human 
skin,  ( in-vitro )  and  porcine,  ( in-vivo )  models  at  the  3.8-micron  wavelength  will  make  it 
possible  to  demarcate  each  model’s  most  effective  and  efficient  uses,  and  perhaps  even 
leading  to  fewer  situations  of  necessary  in-vivo  testing. 

Research  Objective 

The  goal  of  this  research  is  to  compare  the  laser-tissue  interactions  of  the  in-vitro, 
human  skin  equivalent  model  with  the  in-vivo,  porcine  skin  model,  while  determining  the 
maximum  energy  of  3.8-micron  single  laser  pulses  that  can  be  safely  used  without 
eliciting  a  response.  To  accomplish  this  comparison  the  following  items  were  examined: 

1 .  The  gross  presentation  of  the  tissues,  both  human  skin  equivalents  and  porcine  skin, 
after  a  single  four  microsecond,  pulsed  exposure 

2.  The  gross  histopathology  of  biopsies  taken  from  representative  exposure  sites  of  both 
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the  human  skin  equivalents  and  the  porcine  skin,  and 
3.  The  depth  of  energy  penetration  of  both  the  human  skin  equivalents  and  the  pig  skin 
at  representative  sites. 


CHAPTER  TWO:  LITERATURE  REVIEW 


Replacement  Modeling 

For  many  years  researchers  have  sought  to  utilize  in-vitro  models  for  laser  safety 
and  other  safety  studies.  Recent  advances  in  these  models  prompted  the  comparison 
between  a  new  in-vitro  model  with  more  established  in-vivo  model.  There  are  many 
advantages  to  using  the  in-vitro  model. 

Reducing  the  number  of  animals  utilized  in  a  study  and  replacing  them  with  human 
skin  equivalents  lends  itself  to  a  more  efficient  research  process.  For  example,  less 
resources  are  required  to  procure  and  maintain  the  human  skin  equivalents  compared  to 
the  animal  model.  Regulatory  authorities  require  more  complex  protocols  when  dealing 
with  animal  models  (Ponec).  Using  human  cell  lines  for  research  makes  it  unnecessary  to 
have  to  extrapolate  to  human  responses  from  animal-derived  data.  Also,  the  uniformity 
of  the  human  skin  equivalents  makes  it  easier  to  reproduce  research  results.  Skin  models 
are  being  used  in  many  areas  of  research  today  including  cancer  research,  the  study  of  the 
infection  processes  of  specific  organisms,  as  well  as,  bum,  toxicity  and  irritancy  research. 
To  date,  there  has  been  limited  research  in  using  these  models  for  laser  tissue  interaction 
(Eurell  et  ah). 

There  are  a  few  varieties  of  engineered  human  skin  equivalents.  There  are  those 
equivalents  that  are  made  from  naturally  occurring  tissues,  like  cutaneous  allografts 
(cadaver  skin),  which  have  been  around  since  the  mid- 19th  century  (Pruitt).  Some  more 
modem  equivalents  are  made  from  synthetic  materials,  such  as  a  solid  silicone  polymers 
and  nylon  (Pmitt).  There  are  also  those  created  from  collagen-based  dermal  analogs,  like 
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Alloderm  and  those,  as  seen  in  this  study,  made  from  culture-derived  tissues,  like 
fibroblast  or  epithelial  seeded  dermal  analogs  (Pruitt). 

Erythema  and  Edema 

Two  common  gross  reactions  seen  in  skin  are  erythema  and  edema.  Edema  is  a 
result  of  tissues  swelling  with  fluid.  Trauma  leads  to  vasodilatation  and  increased 
vascular  permeability.  Plasma  escapes  from  the  vasodilated  vessels,  into  the  tissue 
causing  it  to  distend.  When  peripheral  capillary  beds  become  swollen  in  congestion,  the 
red  blood  cells  expand.  Because  there  are  so  many  more  red  than  white  blood  cells,  one 
can  see  the  red  through  the  skin,  which  is  erythema  (James  et  ah).  It  is  important  to  note 
that  erythema  is  not  a  potential  reaction  with  the  in-vitro  model  due  to  its  non-vascular 
nature. 


Effective  Dose,  (ED50) 

Effective  dose,  (ED50)  is  defined  as  “the  dose  of  a  particular  substance  that  elicits  an 
observable  response  in  50  percent  of  the  test  subjects”  (James  et  ah).  This  research 
intends  to  outline  each  level  of  observable  reaction  and  calculate  its  corresponding 
effective  dose,  specifically,  the  fluence  necessary  to  elicit  the  observed  response  in  50 
percent  of  the  exposed  sites. 

The  ED50  is  not  directly  incorporated  into  safety  standards.  Instead,  a  safety  factor 
of  ten  is  typically  applied  and  that  value  is  assigned  as  the  maximum  permissible 
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exposure  (James  et  al.).  The  current  ANSI  MPE  for  cornea  and  skin  is  2.24  x  10'  J/cm 
for  lasers  operating  at  3.8-microns  for  4-microseconds  (ANSI  Z136.  1-2000).  The  ED50 
on  Yorkshire  pig  skin  has  been  shown  to  be  43. 1  J/cm2  when  exposed  to  1540  nm 
(Roach  and  Johnson).  At  10.6-microns  the  ED50  is  2.8  J/cm2  (Rockwell  et  al.,  1974). 

But,  research  characterizing  skin  exposures  to  3.8-micron  lasers  are  unavailable. 
Although,  it  has  been  shown  that  in-vivo  corneas  exposed  to  3.72-micron  laser  light  for  a 
duration  of  0. 125  seconds  have  an  ED50  of  0.377  J/cm'  (Dunsky  and  Egbert);  corneas  are 
not  skin. 

It  is  difficult  to  estimate  the  skin  ED50  based  on  this  available  infonnation,  since  it 
hypothesized  that  water  in  skin  is  the  primary  energy  absorber  and  the  water  absorption 
coefficient  changes  significantly  between  1.5  and  10.6-microns.  The  water  absorption 
coefficient  is  1.09  x  10  cm'1  at  1.5-microns,  1.22  x  102  cm  at  3.8-microns,  and  8.69  x  102 
cm  at  10.6-microns  (Hale  and  Queery). 

Cornea  vs.  Skin  Anatomy 

The  anatomy  of  the  cornea  is  different  from  the  anatomy  of  skin.  The  cornea  is 
made  up  of  five  layers,  as  demonstrated  by  Snell  and  Lembert,  and  is  listed  below  from 
front  to  back: 

1.  The  comeal  epithelium  (50  to  60  microns  thick)  has  no  melanin, 

2.  Bowman’s  membrane  (8  to  12  microns  thick)  acellular  collagen, 

3.  The  substantia  propria  90%  of  the  cornea,  made  of  four  types  of  collagen, 

4.  Descemet’s  membrane  (10  microns  thick)  basement  membrane  of  the  endothelium 


7 


5.  The  comeal  endothelium  (single  layer  of  cells)  actively  transports  fluid  to  the  cornea 
Skin  epidermis  can  range  from  500  microns  thick  as  seen  in  the  eyelid  up  to  1500 
microns  thick  as  seen  in  the  palms  and  soles  of  the  feet.  It  has  five  discrete  layers  from 
the  bottom  and  moving  outward  (McKee): 

1 .  The  stratum  basale  anchors  the  epidermis  firmly  but,  not  rigidly  to  the  dermis. 

This  layer  also  produces  the  cells  that  make  up  the  stratum  spinosum. 

2.  The  stratum  spinosum  begins  production  of  keratin. 

3 .  The  stratum  granulosum,  continues  to  produce  keratin,  allowing  for  rapidly  dividing 
cells  called  keratinocytes 

4.  The  stratum  lucidum,  present  only  in  very  thick  skin. 

5.  The  stratum  comeum,  protective  outer  layer 


Horny  Laver  — ► 
(Stratum  Corneum] 


Granular  Layer 


Tear  Film 
(Not  present  after 
histological  processing 
Grey  line  represents 
Tear  Film) 

'Epithelium 

Bowman's 

Membrane 

(Non  Existant  in  rabbits) 

Stroma 

(Substama 

Propria) 

Descemet 

Membrane 

Endothelium 


Fig.  1  Anatomy  of  human  skin  vs.  rabbit  cornea 


CHAPTER  THREE:  MATERIALS  AND  METHODS 


Introduction 

The  goal  of  this  study  is  to  determine  the  dose  response  relationship  for  both  gross 
and  histologic  skin  changes  to  both  human  engineered  skin  equivalents  and  porcine  skin. 
This  data  can  be  used  to  verify  the  safety  standards  that  are  in  currently  in  place. 

In-vitro  models,  engineered  human  skin 

Stock  cultures  of  low  passage  (<6  replication  cycles)  human  keratinocytes  and 
human  dermal  fibroblasts  were  used  as  seed  cultures  for  the  production  of  1 8  engineered 
human  skin  equivalents.  Skin  equivalents  were  circular  in  design  and  12  mm  in  diameter. 
Set  #1  was  composed  of  six  equivalents  which  were  exposed  with  a  laser  spot  size  of  1 
cm-  and  were  used  to  establish  initial  laser  parameters.  Set  #2  consisted  of  12  equivalents 
which  were  exposed  to  a  laser  spot  size  of  5  cm  used  to  characterize  laser-tissue 
interactions.  All  keratinocyte  cultures  were  grown  in  F12/DMEM  media  (MediaTech) 
supplemented  with  10%  NuSerum  (Collaborative  Biomedical),  2  mM  L-glutamine,  100 
IU/ml  penicillin,  100  ug/ml  streptomycin  and  0.25  pg/ml  amphotericin.  All  dennal 
fibroblast  cultures  were  grown  in  DMEM  media  (MediaTech)  supplemented  with  10% 
NuSerum  (Collaborative  Biomedical),  2  mM  L-glutamine,  100  IU/ml  penicillin,  100 
pg/ml  streptomycin  and  0.25  pg/ml  amphotericin.  Skin  equivalents  were  produced  in  two 
steps.  First,  a  liquid  collagen/dermal  fibroblast  seed  culture  suspension  was  added  to  a 
Transwell  (Costar,  Corning  Life  Sciences,  Kennebunk,  Maine)  polycarbonate  tissue 
culture  insert  contained  within  a  12  well  tissue  culture  plate.  Type  I  collagen  (BD 
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Biosciences  Discovery  Labware,  Bedford,  Massachusetts  )  was  used  in  all  cases.  The 
polycarbonate  membrane  of  the  insert  served  as  a  platform  for  the  gelatinization  of  the 
collagen  and  the  growth  of  dermal  fibroblasts.  Second,  a  cell  suspension  of  keratinocytes 
was  plated  upon  the  collagen/fibroblast  gel  and  grown  in  culture  for  4  weeks. 

In-vivo  models,  Yorkshire  pigs 

All  procedures  were  carried  out  in  accordance  with  the  Guide  for  the  Care  and  Use 
of  Laboratory  Animals  under  a  protocol  approved  by  Uniformed  Services  University  of 
the  Health  Sciences  (USUHS),  Institutional  Animal  Care  and  Use  Committee  (IACUC). 
Animal  housing  was  in  accordance  with  requirements  of  the  Council  on  Accreditation  for 
Assessment  and  Accreditation  of  Laboratory  Animal  Care  (AAALAC  International). 

Five  Yorkshire  pigs  were  obtained  from  Archer  Farms,  Darlington,  Maryland  and 
maintained  under  anesthesia  using  isoflurane  gas  (Abbott  Laboratories,  North  Chicago, 
IL)  set  at  an  infusion  rate  of  1  -  1.5%  with  oxygen  flow  at  22.0ml/kg/min  (lO.Oml/lb/min) 
for  all  exposures.  Analgesia  was  administered  (Buprenorphine  0.005  to  0.01  mg/kg  IM) 
prior  to  recovery,  post  recovery  and  as  needed  upon  evaluation  every  8-12  hours.  The 
animals  were  positioned  based  on  skin  exposure  location  (flank.)  The  hair  was  clipped, 
rather  than  shaved,  on  both  flanks  prior  to  exposure.  Anesthesia  was  monitored  in  the 
pigs  using  toe-pinch  response.  Important  test  animal  physiologic  parameters  such  as 
tissue  oxygenation  status  and  core  body  temperature  were  monitored  using  a  reflectance 
pulse  oximeter  (Vet  Ox  SDI  4402,  Heska  Corp.,  Ft.  Colins,  Co)  and  temperature  monitor 
(Temp  Plus  2080,  IVAC  Crop.,  San  Diego),  respectively.  Animals  were  kept  warm 
throughout  the  experimental  procedures  with  a  heated  blanket.  Thirty-four  representative 
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6-mm  biopsies  were  taken  immediately  after  exposure  and  again  at  one  hour  following 
exposure  while  the  animals  were  still  under  anesthesia.  Three  of  the  biopsies  were  frozen 
and  3 1  of  the  biopsies  were  preserved  in  fonnalin  for  histologic  analysis.  Sutures  were 
placed  and  topical  antibiotics  were  administered  at  each  biopsy  site.  The  animals  were  re¬ 
examined  24-hours  post  laser  exposure  for  evaluation  of  lesion  progression  periodically 
for  six  days  post-exposure.  The  pigs  were  anesthetized  and  representative  laser  exposed 
areas  were  biopsied  for  histopathological  evaluation  the  day  each  pig  was  initially 
exposed,  24-hours  post-exposure  and  48-hours  post-exposure.  After  completion  of  the 
observation  period,  all  animals  were  transferred  for  use  in  other  protocols. 

Laser  exposure  parameters 

A  deuterium  fluoride  laser  was  utilized  for  all  exposures.  The  laser  produced  a 
single  4-microsecond  pulses  at  3.8-microns.  A  square  focal  spot  was  used  for  exposures 
and  was  approximately  4  cm"  in  area.  The  exact  spot  size  was  calculated  immediately 
prior  to  exposures  and  verified  post  exposure.  Beam  energy  and  pulse  duration  were 
sampled  and  verified  for  each  exposure.  Exposures  ranged  from  8.2  J/cm  to  90.7  J/crrT 

for  16  in-vitro  exposures,  (plus  two  unexposed  control  samples)  and  0.01  J/cm“  and  86.6 

2 

J/cm“  for  56  in-vivo  exposures. 

Post-exposure  tissue  processing 

All  18  post-exposure  human  skin  equivalents  and  three  porcine  skin  biopsies  were 
frozen  in  cryosection  embedding  media  on  site  using  a  chilled  hexane  bath  surrounded  by 
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liquid  nitrogen.  Frozen  tissue  sections  measuring  six-microns  in  thickness  were  prepared 
for  all  2 1  specimens  and  stained  using  a  standard  Hematoxylin  and  Eosin  (H&E)  method. 
Thirty-one  porcine  tissue  samples  were  preserved  in  fonnalin.  Interpretation  of  laser- 
tissue  interactions  were  made  using  subjective  histopathological  criteria.  To  best 
characterize  the  findings,  a  range  of  energies  was  used  for  the  laser  exposures,  as  well  as 
visual,  microscopic,  and  histologic  diagnostics.  Three  graders  visually  analyzed  the 
exposure  sites  as  described  by  Rico  (Rico  et  al).  The  histologic  samples  were  examined 
for  depth  of  morphologic  change  by  using  a  Leica  DMLB  microscope,  (Leica 
Microsystems  AG,  Wetzlar,  Gennany)  that  utilized  Q-Imaging  micropublisher  and  Q- 
Capture  software  (Burnaby,  B.C.  Canada). 


Response 

Examined 

Fluence 

#Slides 

Mild: 

6.7  J/cm2 

2 

9.5  J/cm2 

1 

10.0  J/cm2 

1 

10.3  J/cm2 

3 

12.6  J/cm2 

3 

12.9  J/cm2 

3 

Total  13 

Moderate: 

16.4  J/cm2 

1 

17.8  J/cm2 

3 

21.6  J/cm2 

1 

26.4  J/cm2 

3 

28.5  J/cm2 

2 

35.8  J/cm2 

1 

38.2  J/cm2 

1 

Total  12 

Marked: 

39.4  J/cm2 

3 

52.3  J/cm2 

1 

73.4  J/cm2 

3 

Total  10 

Table  2.  Summary  of  acute  in-vivo  biopsies 
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Statistics 

All  lesion  grades  were  entered  into  a  Probit  statistical  analysis  package  to  detennine 
the  statistical  threshold  for  gross  skin  morphological  changes  (Easy  Probit  version  1 .0 
1998).  The  threshold  technique  as  described  by  McCally  was  also  utilized  for  additional 
analysis  (McCally  and  Bargeron). 

Calculation  of  ED50:  Probit  Anaylsis 

Probit  analysis  is  a  method  to  statistically  evaluate  discrete,  research  data. 
Each  exposure  site  or  data  point  is  evaluated  by  three  graders  as  a  yes,  “1”  or  a  no,  “0”, 
depending  upon  whether  or  not  a  particular  skin  change  is  observed.  The  corresponding 
fluence  level,  (J/cm  ),  of  the  data  point  and  its  corresponding  classification  is  utilized  to 
ascertain  the  ED50.  Probit  creates  a  probability  curve  for  the  reaction  under 
consideration.  Fiducial  limits  of  95%  were  used  for  this  study.  The  50%  probability, 
(ED50),  of  observing  a  specific  skin  change  at  a  particular  fluence  level  was  then 
estimated  (Finney). 

Calculation  of  ED50:  Threshold  Technique 

The  threshold  technique  is  used  to  determine  damage  thresholds  for  data  with  little 
to  no  overlap.  The  threshold  technique  only  applies  when  an  observed  reaction  is  clearly 
defined.  Progressing  from  lowest  to  highest  fluence  possible,  each  exposure’s  fluence 
level  and  classification  of  observed  change  is  documented.  The  fluence  levels  of  each 
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exposure  site  serve  as  a  data  point  above  and  below  the  thresholds  for  its  corresponding, 
observable  skin  change  (Bargeron  et  al.  1980;  McCally  and  Bargeron  2001).  For  each 
level  of  skin  change  the  range  between  these  two  points  is  then  narrowed  until  there  is  a 
10%  difference,  (±5%).  The  threshold  center  is  the  midpoint  of  this  range. 

Determination  of  Damage  Scale 

Based  on  the  observed  tissue  responses,  a  three-tiered  subjective  gross  skin  damage 
scale  was  derived  (i.e.  mild,  moderate  and  marked)  in  which  all  graders  were  in 
agreement  for  every  exposure  categorization.  The  damage  scale  is  detailed  in  Figures  2 
to  19.  The  severity  of  the  elicited  responses  was  directly  proportional  to  increasing 
fluence. 

Determination  of  Average  Depth  of  Energy  Penetration 

Histologic  sections  were  examined  using  a  Leica  DMLB  microscope.  An  average  of 
four  sequential  snapshots  of  the  area  of  interest  were  taken  at  each  exposure  site  using  Q- 
Capture  software.  The  file  was  saved  with  its  corresponding  magnification,  zoom  and 
fluence  level  information.  Image-Pro  Discovery  software  was  used  to  measure  the  image 
for  depth  of  energy  penetration.  First,  an  appropriate  scale  was  calibrated  for  the  level  of 
magnification  for  the  specific  snapshot.  Next,  two  parallel  lines  were  manually  traced: 
one  outlining  the  solid  portion  of  the  stratum  comeum  across  the  length  of  the  exposure 
site  and  a  second  line  outlining  the  extreme  lower  edge  of  the  damaged  area  across  the 
length  of  the  exposure  site.  Because  the  damage  was  at  variable  depths  it  was  then 
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necessary  to  draw  an  average  of  25  vertical  lines  for  connecting  the  two  parallel  outlines 
for  each  snapshot.  Using  the  average  depth  of  energy  penetration  for  each  snapshot,  the 
overall  average  depth  of  energy  penetration  was  calculated  for  that  specific  exposure  site, 
at  that  specific  fluence. 


CHAPTER  FOUR:  RESULTS  AND  DATA  ANALYSIS 


In-vitro  models,  engineered  human  skin 

The  engineered  human  skin  samples  elicited  responses  that  ranged  from  mild  to 
marked  alterations  of  the  epidermal  and  dennal  layers  within  the  fluences  of  8.2  to  90.7 
J/cm2,  used  for  the  exposures.  That  damage  scale  is  detailed  in  figures  2-8. 

Gross  changes  were  not  detectable  in  the  in-vitro  models  at  low  fluences  (8.2  J/cm 
and  less).  The  principal  histologic  finding  associated  with  the  mild  response  was  limited 
ablation  of  the  most  superficial  layer,  the  stratum  comeum  (Fig.  2).  The  stratum  comeum 
was  lifted  from  the  underlying  epithelial  cell  layers  at  fluences  of  1 1.6  to  17.8  J/cm”  (Fig. 
4).  The  boundary  between  the  stratum  basale  and  the  dermis,  as  well  as  the  dermis  itself 
was  as  it  was  seen  in  the  control  (Fig.  3). 

The  second  tier  in  the  subjective  evaluation  was  the  moderate  response,  17.8  to  54.6 
J/cm”;  characterized  by  more  prominent  damage  to  the  epidennis  and  a  horizontal 
cleavage  plane  in  the  mid-epidermis  (Figs.  5  and  6).  Gross  examination  revealed 
alteration  and  slight  discoloration  on  the  tissue  edge.  The  histopathology  showed  that  the 
stratum  corneum  and  the  upper  half  of  the  stratum  spinosum  were  absent  from  the 
exposure  site  (Fig.  6).  There  was  also  moderate  separation  between  the  basal  layer  from 
the  underlying  connective  tissue,  which  appeared  unaffected  (Fig.  6). 

The  third  tier  in  the  subjective  evaluation  was  the  marked  response,  54.6  to  90.7 
J/cm”.  Histologic  features  of  the  marked  response  included  a  markedly  altered  epidermis 
with  prominent  clefts  in  the  tissue.  The  asterisks  in  figure  7  indicate  a  grossly  observable 
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fissure  in  the  tissue,  that  was  related  to  epidermal  clefts  seen  in  histology.  The 
histopathology  at  this  fluence  revealed  epithelial  damage  consistent  with  thermally- 
induced,  coagulative  necrosis.  Several  areas  of  the  epithelium  appeared  to  be  completely 
removed  from  the  underlying  connective  tissue  (Fig.  8).  At  the  highest  fluence  levels  the 
epithelium  was  again  separated  from  the  underlying  connective  tissue  and  its  upper  edge 
appeared  splintered.  The  dermis  also  showed  areas  of  collagen  alteration  indicated  by  a 
different  staining  reaction  than  similar  tissues  (Fig.  9). 


1 .  Mild  response  without  cleavage  of  epithelial  layers  -  characterized  by  limited  damage 

2 

to  surface  epithelial  cells  (stratum  corneum):  11.6  J/cm 

Befn*  After 


Fig.  2.  In-vitro  engineered  Fig.  3.  In-vitro  engineered  Fig.  4.  In-vitro  engineered 

2  2 

human  skin  at  1 1 .6  J/cm  human  skin  at  1 1 .9  J/cm  human  skin  control 


2.  Moderate  response  with  cleavage  of  epithelial  layers  -  characterized  by  tissue 
separation  along  a  mid-epithelial  plane:  17.8  J/cm2 


Fig.  5.  In-vitro  engineered  Fig.  6.  In-vitro  engineered 

human  skin  at  22.9  J/cm'  human  skin  at  17.8  J/cm2 
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3.  Marked  response  -  characterized  by  significant  damage  to  surface  epithelial  cells: 
54.6  J/cm2 


Fig.  7.  In-vitro  engineered 
engineered  human  skin 
at  54.6  J/cm2 

** Indicates  a  cleft  in  the  tissue 


Fig.  8.  In-vitro  engineered 

2 

human  skin  at  55.0  J/cm“ 


Fig.  9.  In-vitro 
human  skin  at  90.7  J/cm' 


In-vivo  porcine  skin  model:  Immediately  post-exposure 

There  were  four  levels  of  porcine  skin  responses:  skin  erythema,  mild,  moderate 
and  marked  alterations  of  the  epidermal  layers  within  the  range  of  fluences  used  for  the 
55  exposures,  (0.01  to  86.6  J/cm  ).  Based  on  the  observed  porcine  skin  responses,  a 
subjective  visual  skin  damage  scale  was  derived.  The  damage  scale  is  detailed  in  Figures 
10-20.  The  severity  of  the  observed  responses  and  their  corresponding  histology  was 
directly  proportional  to  increasing  fluence. 

The  first  observable  skin  change  was  skin  erythema,  characterized  by  reddening  of 
the  skin  (Fig.  10).  We  were  unable  to  analyze  the  observed  skin  reddening  beyond  gross 
observation  as  it  was  not  a  lasting  response. 

The  next  level  of  response  was  a  mild  response,  grossly  characterized  by  skin 
erythema  and  edema  (Fig.  12).  At  low  magnification  (40x),  the  histologic  appearance  of 
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the  epithelium  appeared  vacuolated  in  the  superficial  and  mid-epithelial  cell  layers  (Fig. 
13).  Higher  magnification  (400x)  revealed  epithelial  damage  consistent  with  thermally- 
induced,  coagulative  necrosis.  Individual  cells  with  expanded  cytoplasmic  margins  and 
pyknotic  nuclei  were  randomly  distributed  within  the  superficial  and  mid-epithelial  cell 
layers.  Histologic  evidence  suggests  that  most  of  the  energy  was  absorbed  in  the 
superficial  to  mid-epithelial  layers  as  the  basal  layer  of  cells  appeared  normal. 

The  gross  characteristics  of  a  moderate  tissue  response  included  increased  erythema 
and  edema  when  compared  to  a  mild  tissue  response  (Fig.  15).  A  histologic  appearance 
of  epithelial  vacuolation  was  also  a  feature  of  the  moderate  tissue  response,  however,  the 
number  of  cells  affected  were  increased  compared  to  the  mild  response  and  in  some  areas 
the  epidermis  had  been  separated  from  the  underlying  basement  membrane  (Fig.  16). 

The  marked  response  was  grossly  characterized  by  prominent  tissue  erythema  and 
edema  (Fig.  18).  Histologically,  the  stratum  corneum  from  tissues  in  this  subjective 
group  was  generally  thinned  when  compared  to  a  mild  or  moderate  response.  A 
histologic  appearance  of  epithelial  vacuolation  was  also  a  feature  of  the  marked  tissue 
response,  however,  a  more  generalized  effect  was  noted  when  compared  to  a  mild  or 
moderate  responses  (Fig.  20).  The  stratum  corneum  and  the  stratum  granulosum  had  less 
pronounced  damage  than  the  deeper  epithelial  cell  layers.  Vacuolation  occurred  mainly 
in  the  layer  closest  to  the  basal  layer. 
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1 .  Skin  erythema  -  reddening  of  the  skin  due  to  dilatation  of  underlying  blood  vessels 


Figs.  12-13.  In-vivo  porcine  skin  at  10.3 


£  0.4 


2.00  4.00 

Joules  per  square  cm 


Fig.  10.  In-vivo  porcine  skin  at  2.6  J/cnr  Fig.  1 1  Probit  curve  for  skin  erythema 
2.  Mild  response  -  characterized  by  skin  erythema,  removal  of  stratum  corneum. 


Joules  per  square  cm 

Fig.  14  Probit  curve  for  mild  skin  response 


3.  Moderate  response  -  characterized  by  more  pronounced  changes  to  the  epithelium. 


2 

Figs.  15-16.  In-vivo  porcine  skin  at  26.4  J/cm 
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Joules  per  square  cm 


Fig.  17.  Probit  curve  for  moderate  skin  response 

4.  Marked  response  -  characterized  by  significant  changes  to  the  epithelial  layer  over  the 
entire  exposure  site. 


Fig.  18.  In-vivo  porcine  Fig.  19.  Probit  curve  for  marked  skin  response 

skin  at  39.4  J/cm2 
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Exposure  Fluence  Values 


•  Artificial  Skin 

xPig 

334-03 

♦  Pig 

335-03 

■  Pig 

336-03 

Pig 

337-03 

Pig 

338-03 

Exposure  Number 


Graph  1.  Fluence  values  for  in-vitro  and  in-vivo  exposures 


Observed 

Response 

In-vitro 

(J/cm2) 

In-vitro 

(J/cm2) 

Depth  of 
Penetration 
(microns) 

In-vivo 

(J/cm2) 

In-vivo 

(J/cm2) 

Depth  of 
Penetration 
(microns) 

Probit 

Threshold 

Probit 

Threshold 

Erythema 

Not 

Applicable 

Not 

Applicable 

Not 

Applicable 

2.6 

(2. 5-3. 2) 

2.65  ±0.29 

Not 

Measured 

Mild 

Not 

Measured 

10.05  ±0.6 

26.69 

8.5 

(6.3-9.57) 

7.72  ±0.81 

55.9 

Moderate 

Not 

Measured 

14.85  ±0.89 

28.80 

18.0 

(12.92-25.81) 

14.1  ±  1.47 

56.4 

Marked 

Not 

Measured 

52.8  ±2.2 

47.99 

51.0 

(39.44-79.3) 

50.5  ±5.23 

62.2 

Table  1.  Summary  of  results 
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Depth  of  Energy  Penetration  vs.  Fluence 


O  Porcine  skin 
□  Human  Skin  Equivalents 
^—Linear  (Human  Skin  Equivalents) 
^—Linear  (Porcine  skin) 


Graph  2.  Depth  of  energy  penetration  compared 
to  fluence  level  for  in-vitro  and  in-vivo  models 


CHAPTER  FIVE:  DISCUSSION  AND  CONCLUSIONS 


Discussion 


In-vitro  models 


An  important  difference  between  engineered  human  skin  and  porcine  skin  is  the 
ability  of  the  latter  to  cool  itself  when  subjected  to  increased  heat.  The  vascularity  of  the 
dennis  in  porcine  skin  is  the  primary  means  of  epidermal  cooling  (Meyer  et  ah).  This 
difference  may  explain  why  the  engineered  human  skin  appeared  to  sustain  more  damage 
than  the  porcine  skin  following  equivalent  exposure  conditions.  It  is  also  not  yet  clear  if 
the  various  layers  of  the  epidermis  are  more  susceptible  to  laser  energy  deposition.  This 
point  may  be  further  clarified  as  more  data  is  collected  on  specific  targets  such  as 
chromophores  in  the  epidennal  layers.  Additionally,  engineered  human  skin  is  not  an 
integral  part  of  the  integument  and  no  supporting  tissues  are  present.  This  could  also 
serve  to  lessen  the  effects  present  as  observed  with  porcine  skin  samples. 

The  significant  epithelial  damage  at  8.2  J/cm  in  equivalents  may  have  been  from 
pre-exposure  clefts  within  both  the  epithelium  and  between  the  stratum  basale  of  the 
epithelium  and  the  underlying  connective  tissue. 


Fig.  2 1 .  In-vitro  engineered 
human  skin  at  8.2  J/cm 
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At  44.6  J/cm2,  there  was  massive  coagulative  necrosis  of  the  epithelium.  This 
equivalent  was  part  of  the  initial  group  of  in-vitro  cells,  judged  to  be  of  lower  quality  than 
the  second  and  final  group,  which  could  have  been  a  factor  in  the  tissue  response.  It  may 
also  have  been  due  to  the  difference  in  spot  size  of  the  equivalents  in  set  #1,  (1  cm) 
versus  those  in  set  #2,  (5  mm).  One  equivalent  in  set  #2  was  exposed  using  the  same  1- 
cm  laser  spot  size  but  the  same  coagulative  necrosis  seen  in  set  #1  was  not  present. 
However,  spot  size  is  unlikely  to  be  a  factor.  It  has  been  shown  that  for  spot  sizes  greater 
than  1  mm  the  effect  of  spot  size  is  asymptotic  (Cain  et  ah). 

The  depth  of  energy  penetration  differs  between  the  human  skin  equivalents  and  the 
pig  skin  (Graph  2).  One  possible  reason  for  this  difference  could  be  the  presence  of  the 
pH  indicator  in  the  in-vitro  media,  which  gives  the  equivalent  their  pink  color.  This 
indicator  may  be  acting  as  a  chromophore.  Another  possibility  is  a  very  specific 
difference  between  the  human  cell  lines  and  the  animal  lines  that  created  the 
dissimilarity.  The  method  of  processing  the  tissues  may  also  have  played  a  role  in  the 
deviation.  There  are  many  potential  untold  factors  contributing  to  this  event  and  further 
research  is  necessary  to  resolve  this  matter.  Resolution  will  lead  to  a  more  efficient, 
robust  model. 

Probit  analysis  is  a  statistical  method  valuable  in  characterizing  overlapping  skin 
responses.  However,  in  this  research,  we  found  that  at  low  fluences,  the  elicited  skin 
reaction  of  removal  of  stratum  comeum  and  some  epithelial  cells  had  a  distinct  threshold 
and  although  there  was  some  variation  present  in  the  data,  there  was  no  overlap.  Probit 
analysis  is  an  effective  statistical  method  when  using  as  few  as  13  data  points,  but, 
insufficient  data  for  each  observable  skin  change  for  the  human  skin  equivalents  was 
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collected  due  to  limitations  in  the  study,  (Mild:  2,  Moderate:  7,  Marked:  7). 
Consequently,  the  Bargeron  threshold  technique  was  used  instead  of  Probit  to  better 
characterize  the  response. 

The  threshold  technique  was  used  to  statistically  describe  the  values  for  the  in-vitro 
models.  But,  with  only  a  total  of  18  samples,  or  data  points  to  work  with,  it  was  difficult 
to  exactly  pinpoint  the  threshold  value  with  certainty.  There  were  no  intermediate  data 
points  between  the  mild  response  at  1 1.9  J/cnr  and  the  moderate  response  at  17.8  J/cm". 
So,  the  resulting  threshold  value  was  an  average  calculation  of  a  broad  range.  Also,  the 
values  listed  in  Table  1  reported  as  ±  a  number  indicate  ±  a  percentage  value  rather  than  a 
standard  deviation. 

At  the  highest  fluences  the  histology  revealed  that  the  epidennal  layer  was 
completely  lifted  off  the  underlying  connective  tissue.  It  is  hypothesized  that  this  may  be 
due  to  rapid  thermal  absorption  of  energy  and  subsequent  expansion  of  tissues  secondary 
to  the  conversion  of  water  to  steam. 

In-vivo  models:  Immediately  post-exposure 

Some  limitations  in  this  research  included  the  inhomogeneous  profile  of  the  laser 
beam  that  created  “hotspots”  across  the  exposure  site  in  the  in-vivo  data.  Also  for  in-vitro 
exposures,  these  “hotspots”  were  most  likely  created  by  the  laser  beam,  rather  than  the 
skin  surface  because  a  consistent  “H”  pattern  presented  in  all  the  exposure  sites  (Figs.  22- 
23).  Biopsies  taken  on  the  outer  edge  of  the  exposure  site  made  it  difficult  to  see  all  of 
the  laser-tissue  interactions  present  across  the  entire  tissue  sample.  Future  research 
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would  benefit  by  taking  a  biopsy  near  the  center  of  the  exposure  site  for  comparison 
purposes. 


Fig.  22  In-vivo  porcine  Fig.  23.  In-vivo  porcine 
skin  at  9.5  J/cm2  skin  at  29.7  J/cm2 

Exposures  less  than  2.6  J/cm"  did  not  produce  observable  changes  in  gross  skin 
morphology.  Analysis  at  the  lowest  fluences  was  limited  to  gross  evaluation.  Even  so, 
representative  biopsies  taken  at  the  lowest  exposure  energies  in  future  studies  would 
allow  better  evaluation  of  the  data. 

Compared  to  the  mild  response,  the  probability  curve  of  the  moderate  response  was 
not  as  steep,  indicating  more  variability  in  the  data.  Finally,  the  probability  curve  of  the 
marked  response  allowed  for  fiducial  limits,  but  was  steep  enough  to  categorize  epithelial 
cell  removal  over  the  exposure  site  as  a  possible  threshold  reaction. 

Changes  to  both  the  gross  epidermis  as  well  as  the  histology  to  the  epidermis 
occurred  in  proportion  to  fluence  levels  0.01  to  86.6  J/cm”.  In  contrast  to  the  in-vitro 
model,  the  stratum  comeum  often  remained  intact.  The  energy  appears  to  have  been 
deposited  mainly  in  the  layer  closest  to  the  basal  layer.  It  is  possible  that  the  stratum 
comeum  and  the  epidermis  are  at  least  partially  transparent  to  3.8-micron  laser  light. 
Another  possibility  is  that  water  is  indeed  the  primary  absorber,  as  the  outer  layers  of  skin 
are  less  hydrated.  The  equivalents  may  be  more  hydrated  in  the  upper  layers  of  the 
epidermis  than  porcine  skin.  Further  study  is  necessary  to  ascertain  the  optical  and 
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absorption  properties  of  the  stratum  corneum  at  3.8-microns.  It  is  also  possible  that  the 
presence  of  a  chromophore  is  causing  this  specific  pattern  of  deposition  of  energy  in  the 
porcine  skin.  The  in-vitro  samples  may  not  reflect  the  same  consistency  of  this 
chromophore;  the  chromophore  in  the  in-vitro  samples  may  be  homogenous  throughout 
the  tissues.  Whereas,  the  chromophore  in  the  in-vivo  samples  is  more  concentrated  in  the 
epithelial  layer  above  the  basal  layer.  Future  research  should  address  these  possibilities. 

The  histology  of  the  in-vivo  moderate  response  showed  that  the  stratum  corneum 
was  partially  ablated,  which  could  be  due  to  nonnal  artifacts  of  processing,  specifically 
nonnal  physiologic  exfoliation  highlighted  by  the  paraffin  embedding  and  processing. 
When  interpreting  slides,  it  is  often  difficult  to  differentiate  something  of  significance 
from  normal  artifacts  of  processing.  It  is  possible  that  contributions  from  the  laser  may 
be  hidden  in  the  noise  of  processing.  It  is  imperative  to  realize  that  the  laser  can 
exaggerate  the  everyday  artifacts  of  biopsies  and  processing.  Therefore,  if  the  effect  is 
not  seen  consistently  throughout  the  data  it  must  be  separated  from  background. 

Another  issue  in  slide  analysis  is  the  potential  problem  of  sectional  geometry.  The 
physical  manipulation  of  taking  a  biopsy  may  change  the  morphology  of  what  is  seen 
under  the  microscope.  Also,  when  the  stained  collagen  cells  of  the  skin  naturally  contract 
the  section  can  fold  in  on  itself,  this  is  termed  sectioning  geometry.  It  is  important  to 
check  and  see  if  the  stratum  corneum  is  continuous  all  the  way  across  the  slice  of  biopsy 
when  examined  under  the  microscope  to  eliminate  the  possibility  of  this  phenomenon. 
Some  slides  sectioned  from  the  biopsies  had  to  be  re-cut  to  get  a  better  view  of  any  laser- 
tissue  interactions.  The  slides  utilized  in  this  research  were  checked  for  sectioning 
geometry  and  judged  to  be  adequate  to  characterize  findings.  Even  so,  it  remains  a 
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possibility  in  the  slide  analysis.  Finally,  the  boundary  effect  observed  in  the  moderate 
and  marked  responses  was  probably  associated  with  a  thermal  disruption  of  the 
hemidesmosomes  and  anchoring  elements  of  the  basement  membrane  produced  by  the 
stratum  basale. 


Depth  of  energy  penetration  analysis 

Examining  the  histology  to  calculate  the  average  depth  of  energy  penetration  has 
limitations.  The  dead  cells  of  the  outennost  stratum  comeum  are  innately  flaky  in 
appearance,  a  fact  that  might  even  be  exaggerated  by  the  artifacts  of  processing.  When 
delineating  the  upper  edge  of  the  stratum  comeum  it  is  necessary  to  use  the  area  that  is 
more  consistent  in  appearance  and  is  usually  attached  to  the  underlying  layers  of 
epithelium.  Overall,  one  must  choose  the  surface  of  the  stratum  corneum  that  is  most 
consistent  throughout  the  tissue  section. 

Preliminary  analysis  of  photon  absorption  was  based  upon  a  few  assumptions.  We 
assumed  that  there  was  100%  photon  absorption  in  the  affected  area  with  no  scattering  or 
deflectionThe  energy  did  not  appear  to  be  deposited  equally  over  the  exposure  site. 
Rather,  the  energy  deposited  follows  a  gradient.  It  was  also  assumed  that  the  different 
layers  of  the  epidennis  have  the  same  absorption  properties. 

Energy  is  not  100%  absorbed  in  the  area  of  interest  and  a  percentage  is  actually 
reflected  off  the  skin  and  a  portion  scattered.  According  to  Takata,  the  percent  reflected 
off  of  normal  porcine  skin  is  3  %  at  a  wavelength  of  2.30  to  2.60  microns.  Whereas,  in 
human  skin,  the  percent  reflected  is  2  %  at  a  wavelength  of  4.0  microns,  regardless  of 
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pigmentation.  (Takata).  The  skin  may  also  be  partially  shielded  by  momentary  plasma 
formation  during  high-energy  exposures. 

Photons  are  absorbed  in  the  layers  of  the  porcine  epidermis  and  it  was  assumed  that 
at  the  lowest  point  of  average  penetration  there  were  zero  photons.  It  is  more  likely  that 
there  are  a  number  of  photons  at  the  extreme  edge  of  the  exposure  site,  but  not  enough 
energy  to  cause  any  gross  morphologic  changes  to  the  surrounding  tissues. 

Although  the  mild  skin  response  had  a  threshold  of  8.5  J/cm  (7.72  J/cnT  ±  0.81 
using  the  threshold  technique)  and  the  moderate  skin  response  had  a  threshold  of  1 8 
J/cm“  (14.1  J/cnr  ±  1.47,  threshold  technique),  the  average  depth  of  energy  penetration 
was  almost  the  same  at  55.9  and  56.4  microns,  respectively.  One  would  expect  to  see  a 
more  profound  dose  response  relationship  in  the  average  depth  of  energy  penetration  as 
was  seen  in  the  fluence  level.  Reflection  and  scattering  of  photons  probably  played  a  role 
in  the  amount  of  energy  deposited  into  the  tissue.  Further  research  is  necessary  to  better 
understand  why  there  is  not  a  more  significant  dose-response  relationship. 

Conclusions 

The  current  skin  MPE  for  lasers  operating  at  the  3.8-micron  wavelength  for  four 
microsecond  pulses  is  2.24  x  1CT2  J/cm2  (ANSI  Z136.  1-2000),  a  value  that  precludes  any 
observable  skin  reaction.  In  fact,  this  value  is  two  orders  of  magnitude  below  the  lowest 
threshold  seen,  (2.6  J/cm  ),  for  an  observable  skin  reaction  in  both  the  in-vitro  and  in-vivo 
models.  The  current  skin  MPE  may  be  overly  restrictive,  but,  historical  data  must  be 
taken  into  account  when  evaluating  new  MPE  values. 
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Overall,  both  models  are  useful  to  simulate  3.8-micron  laser  exposures  on  human 
skin  data  regardless  of  their  individual  confounders.  The  Probit  and  threshold  technique 
produce  statistically  identical  values  for  each  threshold  reaction.  Since  the  depth 
measurements  vary  between  the  models,  further  research  is  required  before  the  use  of  in- 
vivo  models  can  be  fully  endorsed.  It  would  be  necessary  to  design  an  experiment  that 
can  address  the  issue  of  depth  of  energy  penetration  to  follow-up. 

The  skin  of  the  Y orkshire  pig  and  engineered  human  skin  are  anatomically  similar  to 
human  skin.  Based  on  the  histologic  review,  the  engineered  human  skin  appeared  to  be 
more  sensitive  to  gross  damage  than  the  porcine  skin  because  the  engineered  human  skin 
sustained  more  damage  than  the  pig  skin  at  comparable  fluence  levels.  This  may  be  a 
result  of  the  capacity  for  epidermal  cooling  inherent  in  living  tissues. 

Overall,  the  in-vitro  models  required  less  complicated  logistics  than  the  in-vivo 
models.  In  many  ways,  in-vivo  models  can  be  difficult  to  utilize.  It  is  necessary  to  shelter 
and  feed  the  animals.  In  following  a  stringent  protocol,  there  is  no  flexibility  in  handling 
or  experiments  conducted.  More  resources  are  required  to  manage  and  conduct  the 
various  aspects  of  in-vivo  model  research  than  are  necessary  for  in-vitro  models.  Also, 
in-vitro  models  can  be  grown  to  include  specific  characteristics  and  thus,  be  even  closer 
to  human  skin  than  pig  skin.  For  such  reasons,  continued  investigation  of  engineered 
human  skin  is  a  promising  area  of  research. 

Further  analysis  of  this  model  to  better  characterize  the  method  of  laser  tissue 
interaction  for  3.8-micron  laser-induced  exposures  is  in  progress.  The  role  of  other 
chromophores,  including  melanin  in  the  specific  observed  skin  reactions  is  an  area  of 
active  investigation.  Delineating  laser-tissue  interactions  at  this  wavelength  will  prove  to 
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be  a  useful  baseline  in  future  comparison  studies.  Also,  it  is  imperative  that  more  is 
learned  about  the  mechanisms  for  these  laser-tissue  interactions  so  that  appropriate  safety 
standards  can  be  developed. 

A  great  deal  of  progress  has  been  made  in  the  efficacy  of  human  skin  equivalents. 
We  are  now  able  to  meticulously  grown  them  to  meet  our  exact  needs.  In  fact,  current 
research  in  genomics  and  proteomics  may  someday  provide  new  types  of  tests  capable  of 
replacing  the  in-vivo  models.  Consequently,  we  are  at  a  point  where  in-vitro  models  are 
very  comparable  in  response  to  3.8-micron  single  laser  pulses  and  could  reasonably  be 
expected  to  be  used  to  estimate  fluence  required  for  specific  tissue  changes. 
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